The ultrahigh energy (UHE) neutrino-nucleon interaction cross-sections are evaluated analytically in one loop by using the solutions of Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equations. Since the genesis of the UHE neutrinos is various sources which have energy more than 10 5 GeV, so parton distributions are extrapolated at ultralow to determine the charged current and the neutral current cross-sections. We then compare our analytically obtained extrapolated results with the next-toleading order (NLO) results of various other authors. A good agreement between the two reflects the veracity of our approach of extrapolation at ultralow .
Introduction
With the help of analytical solutions of the nonsinglet and the singlet DGLAP equation [1] , we will determine analytically the UHE neutrino-nucleon interaction cross-sections both for the charged and the neutral current in the leading order (LO). We will then compare our predictions with the results of several other authors [2] [3] [4] and study the range of validity of our approach. In Section 2, we develop the essential formalism while, in Section 3, we put forward the results. Comments and conclusions are given in Section 4.
Formalism
2.1. Charged Current-Analytical Solution. The differential cross-section for the charged current (CC) UHE neutrinonucleon interaction is given by [5] 2 ISRN High Energy Physics 2 ( , ) = 2 ( , 0 ) ( , ) ( , 0 ) 0 [ ( )] ( , ) [ ( )] ( , 0 ) ,
where = log( 2 /Λ 2 ) and 0 = log( 2 0 /Λ 2 ), 2 (≡ − 2 ) is the four-momentum transfer, and Λ is the QCD cut-off parameter. Here, ( , ) is the same as expt ( , ) given in [7] ; namely, ] .
And 2 0 = 1 GeV 2 as per MRST f4 2004 distribution. On the other hand, ( , ) is the same as ( , ) given in [6] ; namely,
which is found to be independent of 2 . Again, ( ) is given by [6] (
where
Now with the help of (3) and (4), (1) can be transformed as
We will now consider light quarks only and neglect heavy quarks. For charged current (CC) interactions, the standard expressions for structure functions in leading order are given by [5] ],light 1
where = ( , 2 ) and so forth and , , and so forth are the relevant Cabibbo-Kobayashi-Maskawa (CKM) matrix elements [8, 9] . Now, putting the explicit parton distributions from (11) in (10) and then using (2), one gets the expression for total cross-section for the charged current [10] :
] .
(12)
Neutral Current-Analytical Solution.
For UHE neutral current interaction, one has the following expression for total cross-section:
where 2 ](]) NC
These two equations are to be compared with (2) and (1), respectively, of the charged current. Putting the LO expressions for structure functions involving neutral currents (NC) [5] for light quarks in (14) and with the help of (13), one gets the expression for total cross-section for the neutral current as [10] ](]) NC
2.3. Extrapolation at Ultralow . In the ultrahigh energy domain of the neutrino ( ] > 10 5 ), all perturbative calculations have to be done at ultralow Bjorken ( < 10 −5 ). Particularly, the sensitivity of UHE neutrino interactions is greatest in the domain ∼ 10 −8 and 2 ∼ 2 . Deep inelastic scattering (DIS) data at HERA [11] is valid only for ( ≥ 10 −5 ). The greatest available energy √ available at HERA is 314 GeV, which is far below the expected UHE neutrinonucleon collision energies of about √ ] = 10 6 GeV [5, 12] . So it is not possible to scan the ultrahigh energy region and evaluate the UHE cross-section from the present DIS experiments alone. To determine the cross-sections for UHE neutrinonucleon interaction numerically, one way is to parametrize the parton distribution functions by global fitting to a rich set of available data at low values of 2 (say 2 = 2 0 ). The numerical solutions of the DGLAP equations [1] are then used to evolve parton densities at higher values of 2 ( 2 > 2 0 ). This 2 -evolution of small-parton distribution is not the right choice to scan the region of UHE neutrinonucleon interactions as the evaluation is valid in the region of > 10 −5 . Extensive extrapolation [2, 3, 13] is then carried out to determine the parton densities from the ( , 2 ) domain of terrestrial accelerator HERA to the ultrasmall values of Bjorken , where there is no data. But unfortunately, this type of extrapolation brings about some uncertainties in the estimated UHE neutrino-nucleon cross-sections [5] measured with the help of neutrino telescopes. This is because we are not so sure about what is happening in the region → 0 and our ignorance forces us to take different assumptions (or educated guesses) about the behaviour of the distribution functions at ultrasmall , leading to the large variations of different evaluated cross-sections.
In our analytical process of determining UHE neutrinonucleon cross-section, we adopt the process of extrapolating parton densities at ultralow Bjorken ( < 10 −5 ), which will allow us to obtain reasonable cross-section in the region of which has not been explored by any existing terrestrial DIS experiment. Since the most dominant contribution to crosssection comes from singlet structure function 2 , so one can safely neglect the contribution from nonsinglet structure function 3 . Since the sudden booming up in the production of sea quarks and gluons at ultralow is contained in the factor log(1/ ), so for carrying out extrapolation, we multiply 2 ( , ) by the factor log(1/ ) in (1) and (14), leading to the generation of the following two modified extrapolated equations for the charged and the neutral current in place of nonextrapolated (12) and (15), respectively: 
Results and Discussions
By using MRST 2004 f4 LO input parton distributions at 2 = 2 LO = 1 GeV 2 [14, 15] , we estimate the values of extrapolated cross-sections for ] interactions for the charged and the neutral current from (16) . This has to be compared with our nonextrapolated analytical results obtained earlier [10] . It is pertinent to note that the expression of the exponent ( , ) that has to be used in (16) has to be taken from (5) , which was obtained in [7] by using MRST 2004 f4 LO input parton distributions. The use of any input parton distributions other than MRST 2004 f4 would change the expression of ( , ). That is why we have used here exclusively MRST 2004 f4 LO input parton distributions for finding out values of extrapolated cross-sections.
In Figures 1 and 2 , our analytical extrapolated values of cross-section for the charged and the neutral current, that is, ] CC (cm 2 ) and ] NC (cm 2 ), respectively, are plotted against neutrino energy. Next, we also plot numerically obtained NLO results of various other authors [2] [3] [4] in the same figures. We also plot our nonextrapolated analytical results and nonextrapolated numerical results obtained earlier [10] . At low energies, both of our analytical nonextrapolated crosssections obtained earlier [10] and analytical extrapolated cross-sections obtained from (16) rise sharply. In this region, the cross-section is directly proportional to the energy of the neutrinos, where the propagator effect to the cross-section is totally absent [2] . For ] ≥ 10 3 GeV and specially for ] exceeding 10 4 GeV, there is a power suppression from the boson propagator, coupled with a logarithmic growth of the parton distribution functions (PDFs). But the dampening effect due to the propagator overpowers the logarithmic Neutrino-nucleon interaction NC cross-section (cm 2 ) 10 3 10 4 10 5 10 6 10 7 10 8 10 9 10 10 10 11 10 12 10 13 E (GeV) Figure 2 : Our analytically obtained cross-section ] NC (cm 2 ) is compared with results of other authors [2] [3] [4] and our previous numerical result [10] . growth of the PDFs, creating dampening of the total crosssection [16] .
As clearly evident from Figures 1 and 2 , for neutrino energies exceeding 10 4 GeV, due to excessive dampening, our previously calculated nonextrapolated analytically obtained values of cross-section [10] fall far short of the numerically obtained values of cross-section obtained by various other authors [2] [3] [4] as well as our previously obtained numerical results [10] . On the other hand, our currently obtained extrapolated analytical values of cross-section are more or less comparable with the NLO results of those authors in that region.
For 10 4 < ] < 10 8 GeV, our analytically obtained extrapolated results for charged current are a little above the numerically obtained NLO results of other authors [2] [3] [4] , as can be seen in Figure 1 . In between ] = 10 8 GeV and ] = 10 9 GeV, our extrapolated results for charged current exactly coincide with the results of those authors. At higher energies up to ] = 10 12 GeV, our extrapolated results get a little dampened in comparison to the results of those authors.
It is evident from Figure 2 that our analytically obtained extrapolated results for neutral current are slightly dampened in comparison to the numerically obtained NLO results of those authors [2] [3] [4] all throughout the energy range of the UHE neutrino, with deviation becoming greatest at 10 12 GeV. Of course, our extrapolated results obtained in this paper coincide nicely with our previously obtained numerical results [10] around ] = 10 10 GeV.
For high energy range 10 8 ≤ ] ≤ 10 12 , the dampening in our extrapolated results for both charged and neutral current is due to our neglect of the effect of heavy quarks in parton distribution functions (PDFs). The inclusion of heavy quark effect is expected to minimize the gap between our analytical extrapolated results and the numerical results of other authors in that range.
The origin of the difference between our results and results of other authors (presented in Figures 1 and 2) is because of the following factors.
(1) We have neglected the finite corrections coming from the higher derivatives of 2 ( , )/ and ( , )/ in Taylor approximation of DGLAP equations in case of -evolution of 2 ( , ) at one loop level in [7] (4). This expression for 2 ( , ) had been used while deriving (16) and so certain approximations have been introduced while deriving our analytically derived extrapolated results.
(2) We have done calculations at leading order involving LO parton distributions, whereas the calculations done by other authors at next-to-leading order are based on NLO parton distributions.
(3) We have done our calculations analytically, whereas other authors have done their calculations numerically. Obviously numerical approaches are more precise than analytical approaches. Different theoretical approaches will obviously bring certain amount of variations in the determination of values of crosssection.
(4) There might be a small variation of about 2% to 3% just due to different PDF choices up to ] = 10 7 GeV, but above that energy, specially for energy around ] = 10 12 GeV, the variations may reach up to more than 15%.
(5) We have not taken into consideration the effect of heavy quarks, whose effect becomes pronounced around high energy, particularly around 10 12 GeV.
The uncertainty in determining the cross-sections depends only in modest way on the choice of standard parton distribution functions up to energy ] = 10 7 GeV. It was found that, for ] > 10 7 GeV, predictions of crosssections depend on the untested various assumptions about the behaviour of parton distribution functions around the region → 0 [2, 5] and the resulting uncertainty reaches typically a factor 2 ±1 around 10 11 GeV [5].
Comments and Conclusions
In conclusion, it is pertinent to note that our analytically extrapolated result tallies reasonably with the results of other authors [2] [3] [4] all throughout the energy spectrum of the UHE neutrino. The process of extrapolation of the parton densities at ultralow becomes a strong tool for us for bringing our earlier nonextrapolated analytical results [10] very close to the numerically obtained NLO results of those authors. It is expected that contribution due to heavy quarks will improve the result further in the top region of the UHE neutrino spectrum, specially around 10 12 GeV.
